Drug resistance is a major problem in Mycobacterium tuberculosis control, and it is critical to identify novel drug targets and new antimycobacterial compounds. We have previously identified an imidazo[1,2-a]pyridine-4-carbonitrile-based agent, MP-III-71, with strong activity against M. tuberculosis. In this study, we evaluated mechanisms of resistance to MP-III-71. We derived three independent M. tuberculosis mutants resistant to MP-III-71 and conducted whole-genome sequencing of these mutants. Loss-of-function mutations in Rv2887 were common to all three MP-III-71-resistant mutants, and we confirmed the role of Rv2887 as a gene required for MP-III-71 susceptibility using complementation. The Rv2887 protein was previously unannotated, but domain and homology analyses suggested it to be a transcriptional regulator in the MarR (multiple antibiotic resistance repressor) family, a group of proteins first identified in Escherichia coli to negatively regulate efflux pumps and other mechanisms of multidrug resistance. We found that two efflux pump inhibitors, verapamil and chlorpromazine, potentiate the action of MP-III-71 and that mutation of Rv2887 abrogates their activity. We also used transcriptome sequencing (RNA-seq) to identify genes which are differentially expressed in the presence and absence of a functional Rv2887 protein. We found that genes involved in benzoquinone and menaquinone biosynthesis were repressed by functional Rv2887. Thus, inactivating mutations of Rv2887, encoding a putative MarR-like transcriptional regulator, confer resistance to MP-III-71, an effective antimycobacterial compound that shows no cross-resistance to existing antituberculosis drugs. The mechanism of resistance of M. tuberculosis Rv2887 mutants may involve efflux pump upregulation and also drug methylation.
T uberculosis (TB) is a devastating disease that infects one-third of the world's population and killed 1.5 million people in 2013 (1) . TB is caused by Mycobacterium tuberculosis and is challenging and time-consuming to treat. Standard TB treatment is currently 6 months long and involves a 2-month intensive phase consisting of treatment with four antibiotics (isoniazid, rifampin, ethambutol, and pyrazinamide) followed by a 4-month continuation phase (treatment with isoniazid and rifampin only). However, despite this combination therapy, drug resistance is on the rise, and in 2013, there were an estimated 480,000 cases of multidrug-resistant (MDR) TB, which is defined as TB caused by bacteria that are resistant to at least isoniazid and rifampin. These cases require up to 2 years of treatment, but drug resistance is developing even under these conditions, and in 2014, 9% of MDR TB cases were extensively drug resistant (XDR), meaning that they were also resistant to isoniazid, rifampin, a fluoroquinolone, and an injectable anti-TB drug (typically an aminoglycoside) (1) . Thus, there is a great need both for new antibiotics to treat M. tuberculosis and for new drug targets that avoid cross-resistance to currently used therapies.
One such new compound is an imidazo[1,2-a]pyridine-4-carbonitrile-based agent, MP-III-71, a compound identified by Pieroni et al. as having an MIC of 0.5 g/ml against both drugsusceptible and drug-resistant M. tuberculosis strains as well as a low Vero cell toxicity of Ͼ64 g/ml (see Fig. S1a in the supplemental material) (2) . Thus, this compound is a promising candidate for follow-up studies. We were particularly interested in its mechanism, since the susceptibility of MDR and XDR strains to MP-III-71 suggests that it acts against a novel target that can be used against drug-resistant strains. We addressed this question by identifying strains resistant to MP-III-71 and exploring the mechanism of resistance in these strains. In this study, we characterized these strains, with a focus on the effect of loss of function of Rv2887, a protein in the multiple antibiotic resistance repressor (MarR) family.
MATERIALS AND METHODS

MP-III-71
. MP-III-71 was synthesized as previously described (2) . It was then dissolved in dimethyl sulfoxide (DMSO) at 2,048 g/ml, and aliquots were stored in Ϫ80°C until use.
Synthesis of 2-(4-methoxybenzyl)-3,5-dimethyl-1-oxo-1,5-dihydro benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (the N-Me derivative of MP III-71).
To a suspension of NaH (60% in mineral oil, 22 mg, 0.57 mmol) in dry dimethylformamide (DMF) (2 ml), 2-(4-methoxybenzyl)-3-methyl-1-oxo-1,5-dihydrobenzo [4, 5] imidazo[1,2-a]pyridine-4-carbonitrile (60 mg, 0.19 mmol), prepared as previously reported, (2) , was added at 0°C. After stirring for 15 min, iodomethane (0.023 ml, 0.38 mmol) was added portionwise, and the reaction mixture was refluxed for 4 h. The mixture was poured in ice-water and extracted with ethyl acetate (3 times, 10 ml each), and the organic layers were washed with water and brine, dried over anhydrous Na 2 SO 4 , and concentrated under reduced pressure. The crude material was purified through flash chromatography with elution with petroleum ether- 1 H NMR spectra are reported in the order multiplicity and number of protons; signals were characterized as s (singlet), dd (doublet of doublet), t (triplet), m (multiplet), or br s (broad signal). HRMS experiments were performed using an LTQ Orbitrap XL Thermo (Thermo Scientific) instrument coupled to high-pressure liquid chromatography (HPLC) with an Alltima C 18 column (5 m by 150 mm by 4.6 mm; Alltech Italia Srl) (flow rate, 1 ml/min; isocratic elution for 5 min with 70% CH 3 CN-H 2 O with 0.2% formic acid, gradient elution over 25 min from 95% CH 3 CN-H 2 O with 0.2% formic acid, and isocratic elution for 10 min with 95% CH 3 CN-H 2 O with 0.2% formic acid). Reactions were monitored by thin-layer chromatography (TLC) on a Kieselgel 60 F 254 instrument (DC-Alufolien, Merck).
Mutant isolation. Wild-type M. tuberculosis H37Rv was grown in 7H9 broth to stationary phase (optical density at 600 nm [OD 600 ], 1.98). A 500-l portion was added to 7H10 plates containing 0.5, 1, 2, 4, or 8 g/ml (2ϫ to 32ϫ the MIC) of MP-III-71 and incubated at 37°C for 1 month. Colonies grew on all plates, including three colonies on the 8-g/ml plate. Each of these colonies was grown in 7H9 containing 8 g/ml of MP-III-71. Of these, one colony did not grow. The other two were streaked onto 7H10 plates with 8 g/ml MP-III-71, and single colonies were isolated. One colony was picked from each plate, and these became mutant 1 and mutant 2. Mutant 3 was selected using the same method but from a biological repeat. In this experiment, the plate with the highest concentration of drug with colonies contained two colonies growing on 1 g/ml, one large and one small. The large colony became mutant 3.
Drug susceptibility testing. All drug susceptibility testing was performed using the microplate alamarBlue assay (MABA) as previously described (3). In short, bacteria were added at an OD 600 of 0.001 to drug dilutions in 7H9 without Tween in a 96-well plate. Plates were incubated at 37°C for 7 days, and then alamarBlue was added and left for 16 h before plates were read using a fluorescence microplate reader at 544-nm excitation and 590-nm emission wavelengths. Percent inhibition was calculated based on the relative fluorescence units, and the MIC was defined as minimum concentration that resulted in at least 90% inhibition. MP-III-71, N-methylated MP-III-71, rifampin (Sigma), and carbonyl cyanide 3-chlorophylhydrazone (CCCP) (Sigma) were dissolved in DMSO. Isoniazid (Fluka Analytical), ethambutol (Sigma), kanamycin (Sigma), verapamil hydrochloride (Sigma), chlorpromazine hydrochloride (Sigma), and sodium salicylate (Sigma) were dissolved in water.
DNA extraction. Extraction of genomic DNA was performed on 10-ml cultures in 7H9 broth (mutants were grown in 7H9 with 8 g/ml MP-III-71) using the cetyltrimethylammonium bromide (CTAB)-lysozyme method as previously described (4) .
Whole-genome sequencing and analysis. For samples run on the Ion Torrent Personal Genome Machine (PGM), 5 g of genomic DNA was sheared using the Covaris S2 DNA system. The library was then prepared and enriched using the Ion Xpress Plus genomic DNA (gDNA) kit and Ion OneTouch Template kit on the Ion OneTouch, with sequencing performed using the Ion Sequencing kit v2.0 and 316 chip (Life Technologies). For samples run on the SOLiD, 10 g of genomic DNA was submitted to the Johns Hopkins SKCC Next Generation Sequencing Center for sequencing. Libraries were constructed according to the protocols provided by Life Technologies (Fragment Library kit) and were run on a high-sensitivity chip using the Agilent Bioanalyzer to assess the size distribution and quality of the amplified library. Quantification of each library was performed by quantitative PCR (qPCR) using the TaqMan gene expression assay as outlined in the Applied Biosystems SOLiD Library Preparation Guide. Libraries were brought to a final concentration of 500 pM, and emulsion PCR was performed to generate 41,000,000 beads to deposit onto an Octet slide. Sequencing was performed on the Applied Biosystems SOLiD 3 Plus system using a single-read, 50-bp fragment run.
Reads were aligned to M. tuberculosis H37Rv (GI:41353971 from GenBank) using the Burrows-Wheeler alignment, and SNPs were called using the GATK toolkit (5-7). Coverage analysis to identify the deletion was performed by comparing the fraction of reads in the parent H37Rv sequence to the fraction of reads in the mutant sequence in each 100-bp window of the alignment and identifying the windows with Ͼ40% difference in coverage. From these data, the deletion was picked out as a region with no reads in mutant 1 and an average of 53.6 reads per 100-bp window in the Ion Torrent wild-type H37Rv sequence.
Mutation confirmation. For mutant 1, primers were designed using Primer3 to span the putative deletion (8) . The forward primer was 5=-GT AGCGTGCGAGGTTGAT-3= and the reverse primer was 5=-GAAGCGT TCTTCAGTGGAGT-3=, with expected sizes of 3,753 bp in the parent strain and 663 bp in the mutant strain. In addition, primers to span Rv2887 were used for all three mutants. The forward primer was 5=-AAT GCGATGTAGGCTTCAC-3=, and the reverse primer was 5=-ATCCACG CCCCAAATATC-3=. Primers were synthesized by Integrated DNA Technologies and diluted to 10 M in nuclease water. PCR was performed using the 25-l Taq 2ϫ master mix (New England BioLabs), 1 l forward primer, 1 l reverse primer, 1 l genomic DNA, and 22 l nuclease-free water. The PCR program was 95°C for 3 min, followed by 30 cycles of 95°C for 30 s, 53°C for 30 s, and 1 min at 68°C. This was finished with 7 min at 68°C, and then products were held at 4°C. PCR products were run on a 1% agarose gel with a 1-kb Plus ladder (Life Technologies), and then the bands were purified using the QIAquick gel extraction kit (Qiagen). The purified product was diluted to 1.75 ng/l and submitted with the forward and reverse primers to Genewiz for Sanger sequences. BLAST was used to align the resulting sequences against Rv2887 to confirm the presence of the mutation (9) .
Complementation. Primers were designed using Primer3 to include all of Rv2887 and 500 bp upstream of the start of Rv2887 (8) . The forward primer was 5=-GGTATAGGTACCGGTCACGCCTACCACT TG-3=, which included a cut site for KpnI, and the reverse primer was 5=-ATCCTCTCTAGATGATGCTCTCGGCTGATAC-3=, which included a cut site for XbaI, with an expected size of 1,089 bp. The primers were dissolved in nuclease-free water and diluted to 10 M. PCR was performed using 1 l of each primer, 1,500 ng of genomic DNA from M. tuberculosis H37Rv, 25 l Taq 2ϫ master mix (New England BioLabs), and nuclease-free water to bring the volume to 50 l. The resulting mix was thermocycled at 95°C for 3 min, followed by 30 rounds of 95°C for 30 s, 58°C for 30 s, and 60°C for 2 min. This was finished with 7 min at 68°C. The resulting product was purified using the QIAquick PCR purification kit (Qiagen).
Restriction digestion was performed on 2 g of the pMH94h plasmid and 2 g of the purified PCR product (10) . The digest consisted of 0.2 l KpnI-HF (New England BioLabs), 0.2 l XbaI (New England BioLabs), 5 l NEB buffer 4, and 44.6 l DNA and nuclease-free water. The mix was incubated at 37°C for 4 h. The digested DNA was run on a 1% agarose gel and the bands extracted using the QIAquick gel extraction kit (Qiagen). The digested plasmid was then treated with calf intestinal alkaline phosphatase (CIP) (New England BioLabs). Fifty nanograms of CIP-treated digested plasmid was ligated with 150 ng of digested PCR product using the quick ligation kit from New England BioLabs. The ligated product was used to transform Escherichia coli One Shot TOP10 electrocompetent cells (Life Technologies), and the transformed bacteria were plated on LB agar containing 150 g/ml hygromycin B (Roche). Plates were incubated overnight at 37°C, and four single colonies were picked the next day and grown in 5 ml LB broth with 150 g/ml hygromycin B. The next day, the plasmid was isolated using the QIAprep spin miniprep kit (Qiagen).
To confirm the plasmid sequence, 600 ng of purified plasmid was digested as described above, and the digest was run on 1% agarose to confirm the presence of the insert. All four products were submitted to Genewiz for Sanger sequencing, along with the forward primer 5=-AGCG CATAGGAACGATTTAC-3= and the reverse primer 5=-ACCCGGTAGA GCAGATAGC-3=. BLAST was used to confirm the correct sequence in all four plasmids; one was chosen randomly to continue (9) .
Each strain was grown to an OD 600 of around 0.8 in 50 ml of 7H9 and made electrocompetent. In brief, the culture was spun down for 10 min at 37°C at 4,500 rpm and was resuspended in 30 ml of 10% glycerol (Sigma). This was repeated 4 times, halving the volume used for resuspension each time, until the bacteria were finally resuspended in 2.5 ml 10% glycerol. One hundred microliters of cells was incubated at 55°C for 5 min, and then the bacteria were electroporated with 25 ng/l plasmid in 50 l water using 330 F, 375 V, and 8 k⍀. The cells were then transferred into 2 ml of 7H9 and incubated at 37°C for 48 h. The transformed cells were then centrifuged at 10,000 rpm for 5 min and resuspended in 200 l, and the entire volume was plated on 7H11 with 50 g/ml hygromycin B. Plates were incubated 37°C for 4 weeks.
Transposon mutants. Transposon mutants were available through the TARGET project (http://webhost.nts.jhu.edu/target/). RNA extraction. Total RNA was extracted from 50 ml of culture at an OD 600 of around 1. M. tuberculosis cultures were centrifuged, and the bacterial pellet was resuspended in TRIzol (Invitrogen). This mixture was transferred to 1.8-ml O-ring tubes containing 0.5 ml of 0.1-mm glass beads (BioSpec Products). Cells were incubated at 25°C for 10 min and lysed by six cycles of bead beating for 30 s and cooling on ice for 1 min, using a mini-beadbeater at 4,800 rpm. Lysed cells were centrifuged for 5 min at 13,000 rpm, the supernatant was transferred to a fresh microcentrifuge tube, and RNA was then extracted as described previously (11, 12) . The quality of RNA was assessed using a NanoDrop (ND-1000; Labtech) and an Agilent 2100 Bioanalyzer (Agilent Technologies).
qRT-PCR. Fifteen micrograms of RNA was treated with DNase I (New England BioLabs) according to the manufacturer's instructions. Reverse transcription was performed using iScript reverse transcriptase (Bio-Rad) on 1 l of DNase-treated RNA. The primers used for Rv2887 for quantitative reverse transcription-PCR (qRT-PCR) were 5=-GTTCGCTACCGG CTACATTG-3= (forward) and 5=-CTAGTCGGACCCGAGCTTCT-3= (reverse). The primers for our control housekeeping gene, sigA, were 5=-CCATCCCGAAAAGGAAGACC-3= (forward) and 5=-TCGAGGTCTGG TTCAGCGTC-3= (reverse). sigA is a housekeeping gene whose expression remains constant, and it is commonly used for M. tuberculosis (13) . qRT-PCR was performed on 2 l cDNA using the iQ SYBR green Supermix (Bio-Rad) on the Applied Biosystems StepOnePlus using 95°C for 3 min, followed by 40 cycles of 95°C for 15 s and 53°C for 1 min and then a melt curve from 55 to 95°C. The average fold changes compared to the wild type, normalized to sigA, were calculated using data from two technical replicates of three independent experiments. Bioinformatics analysis. Protein BLAST (BLASTP) alignment was performed using the online tool (9) . Consensus sequences for MarR and MarA were downloaded from the conserved domain database (14) . Secondary structures were predicted using the default settings for the online versions of Phyre2, PROMALS3D, and PRALINE (15, 16) . All tools made the same prediction; the results from Phyre2 are shown. Several alignment tools were used, including PRALINE, MUSCLE, and ClustalW, all on the default settings (17) (18) (19) . The alignment from PRALINE is the one depicted in Fig. 2 . The MarR protein sequences to align were selected from CDD, using the top five most diverse members, including the consensus sequence (14) . The GI numbers for these sequences were 192988597 (Salmonella enterica serovar Typhimurium SlyA), 75341253 (Enterococcus hirae NapB), 81637589 (Bacillus subtilis YvnA), and 81703996 (Bacillus subtilis YhjH). The online tool for SIFT was used to assess the effect of nonsynonymous mutations (20) .
Transcriptome sequencing (RNA-seq) and analysis. The strains were grown to an OD 600 of 0.6 in 150 ml, and MP-III-71 or an equivalent volume of DMSO was added at to a final concentration of 0.0625 g/ml MP-III-71. Cultures were incubated with shaking at 37°C for 6 h, and then RNA extraction was performed as described above. rRNA was removed using the Ambion MICROBExpress bacterial mRNA enrichment kit (Life Technologies) and the results checked using the Agilent 2100 Bioanalyzer (Agilent Technologies). Library preparation was performed using the Ion Total RNA-Seq kit v2 (Life Technologies). Samples were barcoded using the Ion Xpress RNA barcodes, and each replicate was pooled into one library. Template preparation was performed with the Ion PGM template OT2 200 kit using the Ion OneTouch 2 and Ion OneTouch ES (Life Technologies). Sequencing was performed on the Ion Personal Genome Machine using the Ion 318 chip with the Ion PGM sequencing 300 kit with weighted buckets (Life Technologies). Reads were aligned to M. tuberculosis H37Rv (GI:41353971 from GenBank) using the Burrows-Wheeler alignment (6) . Differential expression was assessed using DESeq, EdsgeR, and Cufflinks, all of which gave the same results (21) (22) (23) . Results from DE-Seq are presented here.
Sequence accession numbers. All sequencing data have been deposited in the GenBank Sequence Read Archive under BioProject PRJNA280011 with the following accession numbers: SRS889709, SRS891424, SRS891455, SRS891666, SRS893802, SRS891491, SRS891670, SRS891672, SRS891793, SRS891794, SRS891795, SRS891796, SRS891857, SRS891859, SRS891860, SRS891862, SRS891863.
RESULTS
Whole-genome sequencing reveals that Rv2887 mutations confer MP-III-71 resistance. Spontaneous mutants resistant to MP-III-71 were selected by growing M. tuberculosis H37Rv on 7H9 agar plates containing up to 8 g/ml of the compound, a concentration which is 32 times the MIC (see Materials and Methods). A total of three mutant colonies were identified during two separate selections, and their resistance to MP-III-71 was confirmed using the microplate alamarBlue assay (MABA), as shown in Table 1 . Each mutant had an MIC of 1 to 2 g/ml, which is 2 to 8 times the MIC of the parent strain, which showed an MIC of 0.25 to 0.5 g/ml.
Genomic DNA from each of the three mutants and the wildtype parent H37Rv strain was submitted for deep sequencing. Mutants 1 and 2 and wild-type H37Rv were sequenced on an Ion Torrent Personal Genome Machine (PGM), with an average of 1.4 million reads and an average read length of 111 bp (see Table S1 in the supplemental material). The parent H37Rv strain was resequenced using an ABI SOLiD instrument, along with mutant 3, with an average of 25.2 million 50-bp reads (see Table S1 in the supplemental material). Reads were aligned to the M. tuberculosis H37Rv reference genome, and mutations identified in either of the two parental H37Rv sequences were removed from further analysis. After this analysis, mutant 1 had 7 SNPs and 11 indels, mutant 2 had 9 SNPs and 4 indels, and mutant 3 had 1 SNP (see Table S2 in the supplemental material). Using the TARGET collection of mutants, we tested the MP-III-71 susceptibility of M. tuberculosis CDC1551 strains with a transposon inserted in Rv2658c or Rv3668c, the only two genes mutated in our study that had an available transposon mutant (24) . However, neither of these mutants had an altered susceptibility to MP-III-71 (see Table S3 in the supplemental material).
Interestingly, Rv2887 was mutated in both mutants 2 and 3, with a 2-bp deletion in mutant 2 and a nonsynonymous mutation in mutant 3, both of which were confirmed with Sanger sequencing of PCR-amplified DNA fragments (Table 1 ). In addition, we analyzed the coverage of each strain and found a 3,183-bp deletion in mutant 1, which includes Rv2887 (Table 1; Fig. 1A ). The deletion was confirmed by PCR with primers inside and outside the deleted area (Fig. 1B) , and the outside PCR product was submitted for Sanger sequencing to identify the exact boundaries of the deletion. From this, we determined that the deletion was from position 3194362 to position 3197545 in the H37Rv reference nucleotide sequence, resulting in partial deletion of Rv2885c and Rv2888c and full deletion of Rv2886c and Rv2887. Thus, we hypothesized that loss of function of Rv2887 confers resistance to MP-III-71.
Complementation of Rv2887 confirms that mutation of this gene confers resistance to MP-III-71. Wild-type Rv2887 was cloned into an integrating pMH94-derived plasmid, along with 500 bp upstream to capture its native promoter (10). The plasmid was introduced into each of the three mutants, and MABA was performed with MP-III-71. In addition, in mutant 1, which had a full deletion of Rv2887, real-time PCR was performed to confirm that expression of Rv2887 from the plasmid is the same as wildtype levels (see Fig. S2 in the supplemental material) . Introduction of the wild-type version of Rv2887 was sufficient to restore susceptibility to MP-III-71 to wild-type levels in all three mutants ( Table  1 ), confirming that loss of function of Rv2887 results in resistance to MP-III-71.
Comparative analysis of Rv2887 with known MarR transcriptional regulators. BLAST analysis revealed that Rv2887 belongs to the MarR Pfam family, Pfam01047, with an Expect (E) value of 6.38 ϫ 10 Ϫ13 (9, 25, 26) . MarR homologs contain a winged helix-turn-helix motif, and they have been shown to play a role as either transcriptional repressors or activators of several different pathways, including response to antibiotics and oxidative stress (27, 28) . The E. coli mar (multiple antibiotic resistance) locus, which has been well characterized, consists of two transcriptional units, marC and marRAB, which are under the control of a centrally located promoter region between these two divergent operons. MarR, which has been shown to function as a repressor in E. coli, binds to repeats within the operator and prevents transcription until bound by certain chemical compounds, such as tetracycline, chloramphenicol, and sodium salicylate (29) . Binding induces a conformational change in MarR, which reduces its affinity for the repressor DNA sequence, allowing transcription of marC and marRAB. MarA, which functions as a transcriptional (14) . The bottom row is the consistency, as estimated by PRALINE (17) . (B) Secondary structure prediction from Phyre2 for Rv2887 (16) . (C) Secondary structure prediction for the C terminus of mutant 3. The black boxes in panels A and B indicate V61, which is mutated to alanine in mutant 2. activator in E. coli, is then expressed, leading to elevated transcription of a diverse regulon of genes (29) . In E. coli, this regulon governs numerous functions, including upregulation of efflux pumps, and is associated with the multiple antibiotic resistance phenotype.
Alignment of Rv2887 and the mutants against the consensus Pfam01047 sequence and other members of this family showed that valine 61, mutated to alanine in mutant 3, is a conserved amino acid in MarR-like proteins in multiple species, and thus this small amino acid change may have a significant impact on protein function (Fig. 2) (14) . Several alignment tools were used, including PRALINE, MUSCLE, and ClustalW, to confirm this finding; Fig. 2 shows the results from PRALINE (17) (18) (19) . The importance of this amino acid was confirmed by SIFT, which predicted that the V61A mutation will affect protein function, based on the conservation of amino acid residues (20) . In addition, the 2-bp deletion in mutant 2 changes the four C-terminal residues into 29 residues, increasing the length of the protein and adding an additional disordered region including two new alpha helices (Fig.  2C) . Thus, the changes in both mutant 2 and mutant 3 are predicted to affect Rv2887 function.
Efflux inhibitors and resistance to MP-III-71. Based on the role of MarR in regulating efflux pumps in E. coli, we tested the efflux pump inhibitors verapamil, chlorpromazine, and carbonyl cyanide 3-chlorophenyl hydrazone (CCCP) (30) (31) (32) (33) . Verapamil and chlorpromazine compounds had modest potentiating effects on the MIC of MP-III-71 to wild-type H37Rv and complemented mutant 1; however, they did not alter the MIC of the resistant strain, mutant 1 (see Table S4 in the supplemental material). On the other hand, CCCP, which is an oxidative phosphorylation inhibitor that uncouples the membrane proton gradient required for some efflux pumps to act, actually inhibited the activity of MP-III-71 for wild-type H37Rv and complemented mutant 1. This may be related to the highly pleiotropic effects of uncoupling the membrane proton gradient rather than to a specific effect on small-molecule efflux. Thus, MP-III-71 does appear to be subject to drug efflux by pumps that are susceptible to verapamil and chlorpromazine, and mutation of Rv2887 abrogates the efflux processes targeted by verapamil or chlorpromazine. M. tuberculosis H37Rv has an estimated 148 efflux pumps, and so mutation of Rv2887 may have additional effects on efflux pumps other than those blocked by verapamil and chlorpromazine (34) .
Given the role of MarR in drug resistance in E. coli and other organisms, we also tested whether any of the mutants had altered susceptibility to the anti-TB antibiotics isoniazid, rifampin, ethambutol, and kanamycin. None of the mutants showed MIC changes to these drugs compared to the wild type (see Table S4 in the supplemental material; data not shown for mutants 2 and 3). This correlates with our previous findings that MP-III-71 is effective against drug-resistant clinical isolates and inhibits a unique pathway not targeted by existing anti-TB drugs.
Transcriptional profiling of an MP-III-71-resistant mutant. Since Rv2887 is a putative transcriptional regulator, we performed RNA-seq on the Ion Torrent PGM to determine whether it governs the transcription of other genes. We chose to focus on mutant 1 and complemented mutant 1 because mutant 1 had the full deletion of Rv2887 and because it had the highest MP-III-71 MIC. We harvested the RNA after 6 h of incubation with 0.0625 g/ml MP-III-71 (1/4 of the wild-type MIC) or with an equivalent volume of DMSO only. Triplicate samples were run on the Ion Torrent PGM, with an average of 1.2 million reads and a 115-bp read length (see Table S1 in the supplemental material).
After performing differential expression analysis comparing the mutant and its complemented strain, we identified six genes that were significantly differentially expressed between the mutant and the wild type in the presence of MP-III-71, including Rv2887 ( Table 2 ). All genes identified as significant were upregulated in the MP-III-71-resistant mutant compared to the complemented strain, with the exceptions of Rv2887 and Rv2886c. Rv2886c downregulation in the mutant is probably due to artifactual overexpression of this gene in the comparator strain, since the end of this gene is at the start of Rv2887, and the complementation plasmid contained 500 bp upstream of Rv2887. The fact that the other genes are upregulated with the deletion of Rv2887 in the presence of MP-III-71 is consistent with the hypothesis that Rv2887 serves as a transcriptional repressor when the drug is present. Furthermore, the fact that these genes have a small change in expression when treated only with DMSO suggests that Rv2887 does not constitutively repress these genes but rather prevents their expression in the presence of MP-III-71.
The regulon of Rv2887 includes genes involved in menaquinone biosynthesis and a potential MarA protein. Three of the significant genes identified in our RNA-seq analysis as being upregulated upon Rv2887 deletion were Rv0558, Rv0559c, and Rv0560c. These three genes form a cluster in the H37Rv genome, although Rv0558 is convergently transcribed compared with the Rv0560c and Rv0559c genes and thus is unlikely to be in the same operon. Rv0559c encodes a nonessential exported protein found in culture filtrate, membrane, and whole-cell lysate and, along with Rv0560c, is upregulated in rifampin-resistant strains and induced by salicylate (35) (36) (37) (38) (39) . Rv0560c is a benzoquinone methyltransferase involved in the biosynthesis of isoprenoid com- pounds, and it is also upregulated under iron-limited and anaerobic conditions (35, (40) (41) (42) . Rv0558 (menH) encodes an Sadenosylmethionine-dependent methyltransferase found in the membrane that catalyzes the final step in menaquinone biosynthesis (35, 43, 44) . Menaquinone (vitamin K) is an essential electron carrier in the respiratory chain and is particularly important in M. tuberculosis survival under low-oxygen conditions (44) . The other gene upregulated by Rv2887 deletion was Rv2463. This gene has been annotated as lipP, a probable esterase/lipase gene (35). LipP has a low level of long-chain triacylglycerol hydrolase activity and is induced after 6 h of nutrient starvation (45) . Given that Rv2887 is in the MarR family but M. tuberculosis lacks the adjacent marRAB locus identified in E. coli, we used BLAST to seek E. coli MarA (accession number EDV65186.1) homologs which may be situated elsewhere in the H37Rv genome (9) . Only 6 genes were identified, one of which was Rv2463, with an E value of 0.23 (see Table S5 in the supplemental material). Although a function for Rv2463 as a MarA-like transcriptional activator seems unlikely for a protein with lipase activity, especially given the relatively high E value, we used this same method to look for other MarR-like proteins in H37Rv with E. coli MarR (accession number AAK21292.1) as the query, and picked up Rv2887, in addition to 7 other potential MarR-like proteins (see Table S5 in the supplemental material). Thus, M. tuberculosis H37Rv possesses several putative MarR-and MarA-like proteins. However, further studies will be needed to assess function.
Rv2887-dependent susceptibility to MP-III-71 may involve drug methylation. We hypothesized that mutation of Rv2887 may be indirectly causing resistance to MP-III-71 by altering expression of its true target. We had access to Rv0559c and Rv2463 transposon mutants (24) . Given that loss of Rv2887 caused these genes to be upregulated, we hypothesized that deletion of these genes might result in MP-III-71 hypersusceptibility. We tested the MIC of MP-III-71 for the Rv0559c and Rv2463 mutants. However, neither of these mutants had an altered susceptibility to MP-III-71, suggesting that their upregulation with loss of Rv2887 is not the cause of MP-III-71 resistance (see Table S3 in the supplemental material). However, the transposon in Rv2463 was inserted 2 amino acids from the C terminus, so this mutant may retain some degree of intact function (see Table S3 in the supplemental material).
This left altered expression of Rv0558 and Rv0560c as potential reasons for MP-III-71 resistance. Rv0560c is upregulated in the presence of salicylate, which is of particular interest since salicylate is one of the compounds that interferes with the repressor activity of MarR in E. coli (46) (47) (48) . As a result, we hypothesized that salicylate may turn off the repressor activity of Rv2887 and thus may affect the susceptibility of the wild-type strains to MP-III-71. Thus, we tested the susceptibility of mutant 1 to salicylate, but we found that deletion of Rv2887 had no effect on the MIC of salicylate (all strains had MICs of 250 to 500 g/ml). Sub-MIC levels of salicylate did not affect the susceptibility of either the wild-type or complemented strain to MP-III-71, although it did slightly reduce the MIC of the mutant strain (see Table S4 in the supplemental material). These findings suggest that our hypothesis that salicylate inhibits repressor activity of Rv2887 is incorrect and that, in contrast to the case for E. coli MarR, the M. tuberculosis MarR-like regulator Rv2887 may not be susceptible to salicylate inhibition.
Since Rv0558 and Rv0560c are methylases, we next hypothesized that MP-III-71 may be methylated, leading to inactivation of the compound. Upregulation of these genes by altering Rv2887 function would increase the amount of methylated, inactivated drug. We tested our strains for susceptibility to N-methylated MP-III-71 (see Fig. S1b in the supplemental material) . Interestingly, this compound had no effect on the growth of any strain, even at the highest concentrations tested (32 g/ml) (see Table S4 in the supplemental material). Thus, methylation of MP-III-71 abrogates its antimicrobial activity. Although we have not demonstrated that methylation occurs in vivo or that the purified Rv0558 or Rv0560c is capable of methylating MP-III-71, the inactivity of N-methyl-MP-III-71 suggests that one potential mechanism of resistance to MP-III-71 may be through drug methylation.
DISCUSSION
The development of new drug targets and new drugs to combat M. tuberculosis is critical as rates of drug resistance increase. Here, we explored the function of one potential new antimycobacterial compound, MP-III-71, and we showed that loss-of-function mutations in Rv2887 confer resistance to this compound.
Rv2887 is a transcriptional regulator in the MarR family. Very little is known about the role of the mar operon in mycobacteria. McDermott et al. showed that expression of E. coli MarA in M. smegmatis increases resistance to several antibiotics, including rifampin, isoniazid, ethambutol, tetracycline, and chloramphenicol, suggesting that a mar-like system is present in mycobacteria (49) . Following this, Zhang et al. showed that in M. smegmatis, Ms6508 is a MarR-like protein whose corresponding marRAB operon confers rifampin resistance (50) . However, both of these studies were performed in the nonpathogenic organism M. smegmatis. To our knowledge, only one other study has focused on the mar operon in M. tuberculosis. Radhakrishnan et al. showed that Rv0678 is a MarR-like regulator that controls transcription of the MmpS5-MmpL5 transporter, providing direct evidence of a marlike operon in M. tuberculosis (51) .
Despite the function of its homologs in drug resistance, lossof-function mutations in Rv2887 do not confer resistance to rifampin or isoniazid. We did observe that efflux pump inhibitors potentiate the action of MP-III-71 and that this potentiation is abrogated by Rv2887 mutation. Hence, loss of Rv2887 appears to increase drug efflux in M. tuberculosis, and this may be one mechanism of drug resistance in Rv2887 mutants. We also found that intact Rv2887 negatively regulates the transcription of Rv0558, Rv0559c, Rv0560c, and Rv2463. Rv2463, also known as lipP, encodes a lipase that has weak homology to E. coli MarA (BLAST E value of 0.23) (see Table S5 in the supplemental material); MarA serves as the activator in the E. coli mar system, which in E. coli is negatively regulated by MarR. While the only known function of Rv0559c is that it is secreted, Rv0560c methylates benzoquinone (coenzyme Q) and Rv0558 methylates menaquinone, both of which play an important role in electron transport. Thus, mutation of Rv2887 may confer resistance to MP-III-71 by upregulating expression of these two genes, resulting in altered cellular energy levels and transport. This may lead to enhanced methylation of MP-III-71, causing resistance through drug inactivation.
This study revealed that M. tuberculosis susceptibility to MP-III-71 is Rv2887 dependent. The efflux pump inhibitors verapamil and chlorpromazine potentiated the action of MP-III-71, but this potentiation was absent in the Rv2887 mutant. Rv2887 encodes a MarR-like protein which inhibits the expression of at least six genes, including Rv0558, encoding a menaquinone methyltransferase, and Rv0560c, encoding a benzoquinone methyltransferase. A methylated derivative of MP-III-71 is inactive. These results suggest that loss of Rv2887, leading to elevated efflux pump activity and methylase expression, accounts for MP-III-71 resistance in M. tuberculosis Rv2887 mutants.
